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Abstract
The multiphase flow and solute transport simulator STOMP has been used to assess potential carbon dioxide (CO2) injection 
rates into saline formations at several sites for the Midwest Regional Carbon Sequestration Partnership (MRCSP). An injection 
test of approximately 10,000 metric tons into the Bass Islands Dolomite with CO2 injection rates from 250–500 tons per day, was 
performed in the test well at the MRCSP geologic field test site in Otsego County, Michigan, U.S.A. Reservoir simulations were 
performed to estimate injection parameters, such as bottomhole pressures and pressure response over time in the storage 
formation, and compared to measurements taken during the test. 
Keywords:  geologic sequestration; carbon sequestration; numerical modeling; model validation; Midwest Regional Carbon Sequestration 
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1. Introduction 
Geologic carbon sequestration is the term used to describe a broad class of technologies for permanently 
sequestering, or storing, carbon dioxide (CO2) in geologic environments. Affordable and environmentally safe 
sequestration approaches could offer a way to help stabilize atmospheric levels of CO2. The Midwest Regional 
Carbon Sequestration Partnership (MRCSP) is one of seven partnerships in a nationwide effort to determine 
regionally appropriate carbon sequestration options and opportunities. These partnerships are part of an overall 
initiative by the U.S. Department of Energy’s National Energy Technology Laboratory (DOE/NETL) to develop 
robust strategies for mitigating CO2 emissions. The MRCSP covers an eight-state region of Indiana, Kentucky, 
Maryland, Michigan, New York, Ohio, Pennsylvania, and West Virginia. The partnership is led by Battelle 
Memorial Institute and includes over 30 organizations from the research community, energy industry, non-
government organizations, and government. The objective of the MRCSP is to test the safety and effectiveness of 
carbon sequestration and further add to understanding the best approaches to carbon sequestration in the region 
through a series of focused field tests of sequestration technologies. The overall approach for the MRCSP is to test 
many different sequestration options. For example, terrestrial sequestration tests are planned at traditional farms, 
reclaimed mine-land areas, and wetlands. Geologic tests are planned for three different deep saline rock formations 
in distinct, regional geologic features.   
All tests associated with the MRCSP are research-oriented projects. Geologic sequestration tests are planned in 
Belmont County, Ohio; Boone County, Kentucky; and Otsego County, Michigan. In addition, several terrestrial 
sequestration tests are part of the program. While many companies are partners of the MRCSP, there is no direct 
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commercial interest in the projects. The projects have a strong emphasis on advancing CO2 sequestration technology 
through public outreach and education on many levels. Additionally, the tests are designed to protect human health 
and the environment by being limited in duration and scale with a thorough monitoring program.   
MRCSP Phase I was completed in Fall 2005 and included an assessment of major CO2 sources in the region, 
terrestrial sequestration potential, geologic sequestration potential, economic components of sequestration, and 
regulatory aspects of carbon sequestration options. Phase II focuses on three main geologic test sites and several 
terrestrial test areas.  The tests are designed to take advantage of the existing infrastructure and CO2 sources as well 
as previous research on carbon sequestration for the region. 
The Michigan basin site has been used to conduct a Phase II injection test of 10,000 metric tons of CO2. The 
focus of this paper is an analysis of the accuracy of a state-of-the-art multiphase flow simulator, STOMP-WCSE, in 
predicting the response of a deep saline formation to CO2 injection using typical site characterization data, including 
core tests and hydraulic analyses. 
2. Methods 
2.1. Site Characterization 
 The Michigan Basin site location is at an existing 
gas field in the vicinity of a DTE Energy gas 
processing plant outside of Gaylord, Ostego County, 
Michigan.  The site is located in the northern portion 
of the Michigan Basin, a large mature sedimentary 
basin that covers most of Lower Michigan. Paleozoic 
sedimentary rocks up to approximately 3 km in total 
thickness underlie a 183–244 m thick glacial layer in 
the study area. Precambrian crystalline basement rocks 
underlie the Paleozoic rocks (Figure 1). 
Unconsolidated glacial drift deposits consisting of 
mainly clayey till with discontinuous layers of sand 
and gravel are present at the surface of the test site. 
Total thickness of the surficial glacial layer is 203 m 
near the test site.  
The injection site is located in the State-Charlton 
30/31 Field, where natural gas is produced from 
Antrim shales. This gas contains 10–15 percent CO2,
which is removed at gas processing plants before the 
gas is ready for market. Consequently, high-purity 
CO2 is available from the DTE Turtle Lake gas 
processing plant. Periodically, this CO2 is piped to the 
Core Energy Dover 10 Compression facility and used 
for enhanced oil recovery (EOR) in Niagaran Reef 
reservoirs. The CO2 is captured, compressed, and 
injected in the reefs to flush residual oil out of the 
reservoir rocks. This makes a significant amount of 
infrastructure available for testing CO2 sequestration in 
saline formations located above the Niagaran Reefs.    
Figure 1. Geologic Cross Section at the MRCSP Michigan Basin site. 
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A new well (State-Charlton #4-30) was drilled 
in November 2006 for CO2 injection (Figure 2). 
While drilling, extensive wireline logging and rock 
coring were performed to gather geological data to 
assess CO2 sequestration potential at the site and 
the Michigan Basin in general. In addition, the 
well was designed to fulfill underground injection 
control (UIC) requirements for Class II and V 
injection wells. The well was drilled using a mud 
circulation system with a rotary drilling rig.  A 
shallow, 41-cm diameter surface casing was 
installed to a depth of 22 m to seal the well from 
unconsolidated, surficial deposits. Next, a 30-cm 
casing was installed to a depth of 245 m through 
the glacial drift into the Antrim Shale. A 22-cm 
casing was installed from surface to a depth of 
1098 m in the Bass Islands Formation. Finally, 13-
cm casing was installed from a depth of 1078 to 
1768 m below ground surface (bgs) into the 
Niagaran Reef formations. 
A nearby well (State-Charlton #3-30) was 
recompleted to facilitate monitoring of the CO2
injection tests (Figure 2). The original well was 
drilled to a depth of 1768 m for oil production in 
the Niagaran reefs and later plugged and 
abandoned. In winter 2007, the well was 
recompleted with a deviated hole kicking off at 
518 m and completing at a depth of 1097 m 
through the Bass Islands dolomite. Consequently, 
the well terminated at a point approximately 146 m 
from the injection well. 
The primary target formation was the Bass Islands dolomites, at a depth of 1049–1071 m (bgs), overlain by 
containment layers that include the Bois-Blanc and Amherstburg-Lucas formations (682–972 m bgs).   
2.1.1. Bass Islands Group 
The Bass Islands Group in the Michigan Basin consists mostly of light brown to buff dolostone with argillaceous 
dolostone and anhydrite present lower in the section (Figure 3). In core from the test well, the Bass Islands Group 
was present at a depth interval of 1049–1128 m bgs. A high-density anhydrite interval was present in the lower 
section at 1071–1128 m. Transitional upsection in core and logs is a porous and permeable dolostone unit at 1049–
1071 m bgs, informally referred to here as the Bass Islands dolomite. This interval in core is the main injection 
target and is characterized by interbedded, laminated algal dolomudstone, minor cross-bedded and sandy 
dolograinstone, intraclast beds, and disrupted karstic breccia zones. 
2.1.2. Bois Blanc Formation 
The Lower Devonian Bois Blanc Formation is a widespread lithostratigraphic unit in the Michigan basin 
subsurface, characterized by carbonates ranging from calcareous chert, to cherty limestone and dolostone, to 
limestone and dolomitic limestone. The Bois Blanc Formation was present at a depth of 972–1049 m bgs in the 
State-Charlton #4-30. Core from the test well consists of a distinctive and complex mixture of sparsely fossiliferous, 
Figure 2. General Diagram of the Injection Test System at the Michigan 
Basin
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moderately burrowed, chert-rich limestone, cherty dolomitic 
limestone and dolostone. Complex alteration of these lithofacies 
resulted in highly variable textures, including differential 
compaction structures. Nodular gray chert in core shows irregular 
alteration to a lighter colored, more micro-porous texture at 
around nodule edges. This alteration style is volumetrically minor 
and constitutes less than 10 percent of the cherty lithofacies. 
2.1.3. Amherstburg Formation 
Regionally, the Amherstburg Formation overlies the Sylvania 
Sandstone, where present, or the Bois Blanc Formation 
throughout the Lower Peninsula of Michigan, except to the 
southwest where the Amherstburg unit thins. In most parts of the 
basin, the Amherstburg is dense, tight limestone and will likely be 
a good sealing unit. The Amherstburg ranges in thickness from a zero edge in the southwest to more than 100 m 
thick in the central basin. The Amherstburg is the middle unit of the Detroit River Group and consists mostly of 
limestone. An informal, subsurface sandstone member, called the Filer sandstone, occurs in areas to the west. In the 
test well, the Amherstburg was 76 m thick at a depth interval of 897–972 m bgs. The Amherstburg in core consists 
of fossiliferous, dense, skeletal wackestone to mud-rich packstone. The rock  displays little visible porosity in most 
intervals.
Rock units in the interval of interest dip toward the south at approximately 9.4 m/km. While some anticlines and 
arch trends are present in the region, there does not appear to be any well defined structure near the site.  There is 
some local variation in the thickness of the target intervals, but no major trend in formation thickness or character. 
No faults or pervasive fracture zones have been encountered in the area. The target injection formations do not 
outcrop in any immediate up-dip area. No other geologic features are present near the injection site that could result 
in upward leakage. Niagaran pinnacle reefs are present in the deeper rocks, but these structures are several hundred 
meters beneath the injection interval. 
2.2. Numerical Simulator 
Numerical simulation of CO2 injection into deep geologic reservoirs requires modeling complex, coupled 
hydrologic, chemical, and thermal processes, including multi-fluid flow and transport, partitioning of CO2 into the 
aqueous phase, and chemical interactions with aqueous fluids and rock minerals. The simulations conducted for this 
investigation were executed with the STOMP-WCSE (water, CO2, salt, energy) simulator [1]. STOMP was verified 
against other codes used for simulation of geologic disposal of CO2 as part of the GeoSeq code intercomparison 
study [2]. 
Partial differential conservation equations for fluid mass, energy, and salt mass comprise the fundamental 
equations for STOMP-WCSE. Coefficients within the fundamental equations are related to the primary variables 
through a set of constitutive relations. The conservation equations for fluid mass and energy are solved 
simultaneously, whereas the salt transport equations are solved sequentially after the coupled flow solution. The 
fundamental coupled flow equations are solved following an integral volume finite-difference approach with the 
nonlinearities in the discretized equations resolved through Newton-Raphson iteration. The dominant nonlinear 
functions within the STOMP simulator are the relative permeability-saturation-capillary pressure (k-s-p) relations.  
The STOMP simulator allows the user to specify these relations through a large variety of popular and classic 
functions. Two-phase (gas-aqueous) k-s-p relations can be specified with hysteretic or nonhysteretic functions or 
nonhysteretic tabular data. Entrapment of CO2 with imbibing water conditions can be modeled with the hysteretic 
two-phase k-s-p functions. Two-phase k-s-p relations span both saturated and unsaturated conditions. The aqueous 
phase is assumed to never completely disappear through extensions to the s-p function below the residual saturation 
and a vapor pressure-lowering scheme. Supercritical CO2 has the role of a gas in these two-phase k-s-p relations. 
Figure 3. Bass Islands Dolomite rock core from 
State-Charlton #4-30 well. 
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A well model in STOMP-WCSE was used to simulate the injection of supercritical CO2. A well model is defined 
as a type of source term that extends over multiple grid cells, where the well diameter is smaller than the grid cell.  
The CO2 injection rate is proportional to the pressure gradient between the well and surrounding formation in each 
grid cell. A bottomhole pressure is calculated iteratively until either the maximum borehole pressure or the desired 
injection rate is reached. 
2.3. Model Parameters 
The simulation considered an injection period of 17.9 days, followed by an equilibration period of 28.1 days, for 
a total of 46 days. Numerical dispersion was minimized by constraining the time steps to maintain the Courant 
condition [3],  
οݐ ൑ ο௫
௩
(1) 
where 't is the simulation time step, 'x is the grid spacing, and v is the fluid velocity. 
Simulations were executed on a two-dimensional (2-D) radial Cartesian grid. The grid covered a vertical depth 
(in the Z-direction) of 156 m, between the depths of 1071–915 m bgs. The grid assumed horizontal radial symmetry 
around the well out to a distance of 1.6 km. The grid had a resolution of 132 grid nodes in the horizontal X-direction 
and 124 nodes in the vertical Z-direction.  Vertical grid spacing was 0.61 m in the Bass Islands dolomite and 1.52 m 
in the Bois Blanc and Amherstburg. Horizontal grid spacing was 12.2 m. 
Based on an analysis of porosity and permeability from core samples (Figure 4), the Bass Islands dolomite was 
identified as an injection target. For the Bass Islands dolomite core samples, the mean porosity was 13 percent and 
the mean permeability was 22.6 mD. Hydraulic testing by CO2 pressure shut-in analysis was performed in the field 
prior to injection. Horner plot analysis of pressure decrease in the well indicates a well with wellbore storage and 
skin effects in a homogeneous reservoir. The formation permeability was estimated to be 50 mD, 2.27 times greater 
than the average core permeability.   
Figure 4. Core porosity and permeability from State-Charlton #4-30 well. 
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A downward pressure gradient of 9.8 kPa/m was used to initialize the brine pressure field. The pressure gradient 
was additionally assigned to vertical boundary surfaces located opposite from the vertical injection well. This 
assumption allows reservoir brine to be pushed outside the computation domain as CO2 is injected. An initial 
temperature gradient of -0.018 °C/m was assumed, with an initial formation temperature of 32°C at a depth of 1071 
m.  A brine density of 1159 kg/m3 was assumed.   
3. Results and Discussion 
In the model, the geology for the Bass Islands dolomite, the Bois Blanc, and the Amherstburg was represented by 
spatially correlated random fields [4] of porosity (Figure 5) and intrinsic permeability (Figure 6) that maintained the 
mean and variance of the data collected from the core samples for each formation. Based on the hydraulic tests, 
permeabilities used in the model for the Bass Islands dolomite were scaled by a factor of 2.27 over the core 
permeabilities. The vertical variogram range calculated from the core data was 1 m. The porosity was assumed to be 
normally distributed and the intrinsic permeability was assumed to be log-normally distributed. Porosity and 
permeability were correlated with an R2 of 67 percent.  
The observed CO2 injection rate and well-bottom temperature (Figure 7) were applied as a well model in 
STOMP-WCSE, using the same screened interval (22 m) and well bore diameter (22 cm) as the State Carlton #4-30 
well. The modeled injected supercritical CO2 has a maximum radius of 134 m after 17.9 days of injection, which 
does not quite reach the observation well (Figure 8). This is consistent with a lack of CO2 gas observed in the 
observation well during the test. 
Figure 5. Geostatistical realization of porosity used in 
simulation. 
Figure 6. Geostatistical realization of permeability used in 
simulation. 
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The injected CO2 is 10–16 degrees cooler than the formation brine, but lowered temperatures extend less than 50 
m from the injection well (Figure 9). This prediction is consistent with a lack of temperature change in the 
observation well. However, pressure changes are transmitted from the injection well to the observation well (Figure 
10), and the pressure changes in the observation well are bracketed by predicted pressure changes at the top and 
bottom of the observation well (Figure 11).  
Modeled pressure responses at the injection and observation well are reasonably close to observed values, 
although the model somewhat over predicts injection well pressures at the higher injection rates. The model is very 
sensitive to the permeabilities assumed in the Bass Islands dolomite, but using values consistent with hydraulic tests 
(scaled by 2.27x) gives the best results (Figure 12). 
Figure 10. Modeled pressures at 17.9 days. 
Figure 8. Modeled supercritical CO2 saturations at 17.9 days. 
Figure 7. Observed CO2 injection rate and well-bottom 
temperature, applied as source term in model. 
Figure 9. Modeled temperatures at 17.9 days. 
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4. Conclusions 
Elevated temperatures and CO2 saturations are not predicted for the observation well in the simulations, which 
agrees with no field-observed change in temperature or CO2 saturations at the State-Charlton #3-30 observation well 
during the injection test. Modeled pressure responses at the injection and observation well are reasonably close to 
observed values during the Michigan Basin Phase II injection test, although there is less of a response in injection 
well pressures to a 50 percent increase in injection rate than is seen in the simulations.   
STOMP-WCSE adequately predicts pressure responses in the injection and observation well. Hydraulic test data 
were very useful in calibrating permeability data because permeabilities from rock core analysis were somewhat low 
and the model was very sensitive to permeability.   
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